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A direct tunable diode laser absorption spectroscopy setup has been developed for 
detecting trace amounts of nitrogen dioxide (NO2) at atmospheric pressure and room 
temperature. Two different Fabry-Perot blue diode lasers have been evaluated in the 
setup as light sources. One of the lasers is from TOPTICA Photonics Inc., model LD-
0445-0050-1 and the other is from Roithner LaserTechnick GmbH, model LD-445-50PD.  
Both lasers do have multi-longitudinal modes with emission wavelengths at around 445 
nm.  The laser transmittances as a function of laser injection current at fixed temperatures 
have been simulated and experimentally measured with very good agreements. A 
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تم بناء تقنية تحليل الطيفي المتصاص ليزر دايود قابل للضبط بهدف الكشف عن كمية ضئيلة من ثاني أكسيد 
 Perot-Fabryلقد تمت مقارنة ليزري   تأثير الضغط الجوي و درجة حرارة الغرفة.النيتروجين في الهواء تحت 
  TOPTICA Photonicsكمصدري ضوء في التقنية. أحد الليزين من انتاج: أزرقين ناتجين من ديودين مختلفين
Inc. , 0445-0050-1: موديل-LD , األخر من انتاج: و Roithner LaserTechnick GmbH  ,  :موديل
50PD-445-LD.  نانومتر. نفاذ  445الليزران ذوا أنماط  متعددة الطولية و لكل منهما أطوال انبعاث موجية تقارب
الليزر كدالة في تيار الديود عند درجة حرارة ديود ثابتة تم تقديره بالمحاكاة من جهة و كذلك حسابه تجاربيا من جهة 
ء اجزأ 4تم التوصل الى أقل حد ممكن من الكشف بمقدار يقارب  أخرى مع مالحظة توافقات جيدة جدا بين الحالتين.




1 CHAPTER 1 
INTRODUCTION 
2 One of the major topics of concern is the pollution of the atmosphere by trace gases that 
result in changing the oxidizing capacity of the atmosphere and therefore harm the human 
health. 
3  
4 Nitrogen dioxide (NO2), one of several oxides of nitrogen, is one of the major air 
pollutants [1].  At very high concentrations, NO2 is an oxidizing, corrosive, reddish-
brown gas with a characteristic pungent odor [2].  Trace amonunts of NO2 are  known to 
be responsible for photosmog that takes place in the urban areas but also spread to more 
rural zones by transport of polluted air masses [3].  The concentration of  NO2  goes up to 
hundreds of parts in 109 by volume (ppbv) in high traffic urban areas, however, it may go 
down to below 100 parts in 1012 (pptv) in rural areas [4]. Many organizations across the 
world like the World Health Organization (WHO), the US Environmental Protection 
Agency (EPA), and the European Union (EU) have provided two air quality standards for 
safe exposure to NO2 gas in the ambient air, one is for short-term exposure over one hour 
and the other is for long-term exposure over one year [5]. The hourly and annually 
allowed maximum cocentrations given by both WHO and EU are about 100 ppb and 20 
ppb, respectively, while an annual standard of about 50 ppb  is given by EPA [5]. 
Exceeding these limits probably will cause several health problems such as reducing the 




5 Accordingly, monitoring the atmospheric NO2 gas is always a subject of great interest. 
This can be achieved either by optical or chemical methods [6]. NO2 shows a strong  and 
broadband absorption in the spectral range (250-650 nm) with a absorption cross-section 
of about 6×10−19 cm2/molecule within the blue region [7].  Many optical techniques 
with light sources have been used to detect trace amounts of the atmospheric NO2 with 
different detection limits.  Recently, blue laser diodes became commercially available 
having advantages like their short wavelengths, long lifetimes and low power 
consumption and therefore are suitable for wide applications including the detection of 
trace amounts of the atmospheric NO2 gas [8]. 
6  
7 In the present study, a tunable blue diode laser absorption spectroscopy technique has 
been developed to detect trace amount of atmospheric NO2 gas. Moreover, two blue laser 
diodes of emission wavelengths of about 450 nm from two different companies have been 
employed in the technique as light sources. 
8  
9 This thesis includes three more chapters: Chapter 2 (BACKGOURND) briefly reviews 
some common optical techniques that have been used to detect trace amount of NO2 gas 
including techniques employing blue diode lasers.  Also, it discusses the theoretical basis 
of our technique.  Chapter 3 (EXPERIMENT) discusses the experimental setup, the 
operation procedure of the developed setup, and the software used for collecting and 
analyzing data.  Chapter 4 (RESULTS AND CONCLUSIONS) presents simulation for 
NO2 transmittance through the setup, NO2 loss within the cell, measurements of NO2 




2 CHAPTER 2 
LITERATURE REVIEW 
In this chapter, we briefly discuss the formation of NO2 gas in the atmosphere, some typical 
optical techniques to measure trace amounts of NO2 including those using blue diode lasers, 
and theoretical basis of the technique used in this thesis. 
 
2.1 Formation of NO2 in the atmosphere  
 
NO2 is produced naturally and antherpogenically (by human activities) [9]. Natural sources, 
like lightning, soil emissions, biomass burning and they, are responsible for about half of the 
total production of nitrogen oxides [10].  The human activities are responsible for the rest of 
NO2 production and include mainly fossil fuel combustion in electrical utilities and operation 
of on-road and off-road vehicles [3][11].  The nitrogen oxides resulting from fossil fuel 
combustion mostly consists of nitric oxide (NO) which is converted into NO2 by 
photochemical oxidization reaction.  
 
In the atmosphere NO reacts with ozone and produce NO2 through the dominant pathway 
[3][12]:  
 




The formation of NO2 can also be achieved through the oxidization of NO by hydroperoxyl 
radical HO2 or peroxy radical RO2 through the following reactions [2][13]:  
 NO + HO2  →   NO2 + OH  (2.2) 
 NO + RO2  →   NO2 + RO  (2.3) 
 
Moreover, NO2 is formed through the following reaction of NO with O2 [14]: 
 
 2 NO + O2 → 2NO2 (2.4) 
 
However, the rate of this reaction strongly depends on the NO concentration and under most 
tropospheric condition this reaction is insignificant [12]. This reaction is only significant 
when the NO concentration is higher than one ppm [2]. 
 
NOx (NO + NO2) contributes to the photochemical air pollution through photolysis of NO2 to 
give NO, and O(3p) and therefore forming ozone through the following reactions [13] [15]: 
 
 (Photolysis):   NO2 + hv (λ < 420 nm) →  NO + O(3p) (2.5) 




In addition to the NO produced by combustion processes and other sources, the NO produced 
in this reaction will react through reaction [1] and hence a cyclic process is formed driven 
continuously by sunlight and ozone.  
 
It is worth mentioning here that NO2 is a precursor for nitric acid (HNO3), which contributes 
substantially to acidic rains during the daytime through the reaction [16]: 
 
 NO2 + OH → HNO3 (2.7) 
while at night the following reactions take place [17]: 
 
 NO2 + O3 → NO3 + O2 (2.8) 
 NO3 + NO2 → N2O5 (2.9) 
 N2O5 + aerosol(+H2O) → 2HNO3 (2.10) 
 
 
2.2 Optical techniques for NO2 detection in the atmosphere 
 
In the following various optical techniques using to detect trace amounts of NO2  gas in the 
atmosphere are briefly discussed. These are based on Chemiluminscence (CL), Differential 
Optical Absorption Spectroscopy (DOAS), Differential Absorption Lidar (DIAL), Cavity 
Ring Down Spectroscopy (CRDS), and Cavity Enhanced Absorption Spectroscopy(CEAS), 
20 
 
Laser-induced-fluorescence (LIF), PhotoAcoustic Spectroscopy (PAS) and Tuniable Diode 
Laser Absorption Spectroscopy (TDLAS). 
 
Chemiluminscence (CL) is an indirect and standard method for measurement of the ambient 
NO2. This technique is based on the usage of a catalytic converters, which includes 
conversion of NO2  into NO using a heated molybdenum catalyst. And then, the CL reaction 
of  NO in excess O3 takes place and being detected. In this method the concentration of NO2 
gas can be measured by substraction of the NO signal observed before exposing the sample 
air to the hot catalyst. By using  techniques based on chemiluminscence for NO2 detection, a 
sensitivity of 1ppbv has been reached [8].  
 
Differential optical absorption spectroscopy (DOAS) technique has been used for detecting 
NO2 at ppb or even ppt levels [18]. DOAS techniques are classified into two types, namely, 
active and passive DOAS. Active DOAS are those in which lamp lights are used whereas 
passive DOAS rely on the solar light. The principle of DOAS is well described by the 
Lambert-Beer’s Law that relates the absorption of the incoming light with specific 
wavelength to the concentration of species within a path length. The DOAS method is mainly 
based on the idea of mathematically separating the absorption cross section into two parts: 
one varies slowly while the other varies rapidly with the wavelength.  The part that varies 
rapidly is resposible for molecular absorption, and the one that varies slowly is resposible for 




Differential Absorption Lidar (DIAL) has been employed for remote measurements over path 
lengths of more than 2000 m and a precession of ∓ 5  ppbv of NO2 [20].  The base of this 
technique is to find the difference in absorption cross section of NO2 gas at two or more 
adjacent wavelengths.  
 
Cavity Ring Down Spectroscopy (CRDS) detects NO2 within an optical cavity with low loss 
and high reflectivity (~100%) concave mirrors [21]. A radiation is injected into the cavity 
through one of the mirrors. Hence, multiple reflections occur inside the cavity and lead to 
radiation leakage from the cavity recorded by an appropriate photodetector. NO2 has been 
detected in the atmosphere using blue diode laser based CRDS at 404 nm with limit of 
detection (LOD) of 22 pptv [22]. 
 
A vairant of the CRDS technique is the  Cavity Enhanced Absorption Spectroscopy ( CEAS )  
in which the cavity is injected with a light pulse at a very small angle with respect to the 
cavity axes which forms a dense structure of weak optical axial modes that makes the whole 
system durable against instability in the laser spectrum and the cavity [21]. A sensitivity of  
sub-parts-per-billion of nitrogen dioxide has been reached by CEAS sensors [4]. Using 
CEAS, a blue-violet lasers (395-440 nm) have been used to detect NO2 with 1ppbv sensitivity 
[23]. Furthermore, Optical Feedback Cavity Enhanced Absorption Spectroscopy (OF-CEAS) 
technique has been employed to detect NO2  using extended cavity blue diode laser (411 nm) 




Laser-induced-fluorescence (LIF) uses high powes lasers and compact diode lasers a for 
detecting NO2 [24].  When a light of short wavelength is absorbed by a molecule, it 
undergoes vibrational and electronic transitions at high energy levels, and then emits light of 
longer wavelengths as it returns to lower energy levels.  A very low detection limits from 
ppbv to sub pptv mixing ratios have been attained.   
 
Photoacoustic (PAS) spectroscopy technique has been use to determine NO2 concentration to 
part per trillion level [25].  When laser pulses are absorbed by a gas sample, heat pulses are 
grenerated within a cell containg the sample. These heat pulses creat pressure pusles in the 
cell which can be detected by a mircophone or ultrasonic detector. The signal is amplified by 
matching the modulation frequency with one of the acoustic resonances of the gas cell.  A 
high power blue laser diode (444 nm) has been used in PA technique to detect  NO2  in N2 at 
atmospheric pressure with LOD of 200 pptv [26]. 
 
Tunable Diode Laser Absorption Spectroscopy (TDLAS) technique is one of the leading 
techniques for the atmospheric detetion of trace gases with concentrations down to ppb levels 
[27]. The sensitivity of TDLAS is inceased by using modulation techniques such as 
frequency modulaton and wavelength modulation techniques.  A detection limit of 5 ppbv of 
NO2 was obtained using TDLAS technique in lasers in the visible range [28].  Moreover, an 
in situ TDLAS detection at the level 400-700 pptv has been achieved using tunable infrared 
diode laser [29].  NO2 has also been detected by external modulation and correlation detection 
based technique using a blue diode laser centered at 445 nm with a sensetivity of 5 ppmv[30]. 
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2.2.1 Theoretical background 
 
The fundamental principle for absorption spectroscopy is based on Lambert-Beer’s law 
[31][32], which relates the intensities of an incident and transmitted light beams through a 
sample.  According to Lambert-Beer’s law, when an incident light beam of wavelength 𝜆 and 
intensity 𝐼0(𝜆) passes through an absorbing gas sample of length 𝑙 and number density 𝑐, as 
shown in Figure 2.1, the intensity of the transmitted light beam 𝐼𝑇(𝜆) is given by 
 
 𝐼𝑇(𝜆) = 𝐼0(𝜆)𝑒
−𝑐𝑙𝜎(𝜆) (2.11) 
 












The gas absorbance 𝑎(λ) as a function of wavelength is a unitless quantity and is defined by 
 
 𝑎(λ) ≡ −ln (
IT(λ)
I0(λ)
) = clσ(λ) (2.12) 
 
For small absorbance, 𝑎 ≪ 1, Lambert-Beer’s law can be approximated by 
 
 𝐼𝑇(𝜆) ≈ 𝐼0(𝜆)(1 − 𝑐𝑙𝜎(𝜆))  (2.13) 
 
Or the absorbed intensity 𝐼𝑎𝑏𝑠(𝜆) is 
 
 𝐼𝑎𝑏𝑠(𝜆) ≡ 𝐼0(𝜆) − 𝐼𝑇(𝜆) ≈ 𝐼0(𝜆) 𝑐𝑙𝜎(𝜆) (2.14) 
 
In our experiment, we use a Fabry-Perot blue diode laser which has many longitudinal 
modes.  An example of a measured spectrum of our lasers is shown in Figure 2.2.  The 
spectrum of the laser can be tuned either by changing the laser injection current or by 
changing the laser temperature.  Since tuning the laser with temperature is a relatively slow 
process, in our transmission measurements, the laser temperature is fixed while the laser 
current is tuned.  The laser intensity is measured directly by a photo-diode and hence the 
25 
 
voltage measured by the photo-diode 𝑉 is proportional to the integrated spectrum of the laser 
over its wavelength range, 𝜆𝑚𝑖𝑛 to 𝜆𝑚𝑎𝑥,   




In the above equation, it is assumed that the response of the photodiode is constant over the 
laser emission wavelength range.  This is a good assumption since the laser emission range of 
few nanometers is much smaller than the smooth response curve of the photodiode.  
 
 
Figure 2.2    A Fabry-Perot blue diode laser spectrum.  λ_min and λ_max are the minimum and maximum laser 
emission limits. 
 








Hence, the transmission curve of the diode laser 𝑇(𝒊) as a function of the laser injection 


























Where 𝑉𝑠𝑖𝑔, and 𝑉𝑟𝑒𝑓 are the voltages of the signal and reference photo-diode detectors. 
 
 

















3 CHAPTER 3 
EXPERIMENT 
Our experiment has two main objectives: one is to measure the laser spectrum at different 
temperatures and injection currents, and the other objective is to measure the transmittance of 
the NO2 gas as a function of the injection current at specific diode temperature.   These two 
objectives will be discussed in the following two sections. 
 
3.1 Measurement of the laser spectrum  
 
The laser spectra will be used to calculate the expected transmittance of an NO2 sample as a 
function of laser injection current at specific laser temperature.  Figure 3.1 shows a schematic 
diagram for the setup of measuring the laser spectra. It includes a blue laser diode with a 
temperature and current controllers, a data acquisition card (DAQ), a neutral density filter to 
control laser intensity, a spectrometer consisting of a monochromator and a line CCD camera, 
and a pc. In the following subsections, the laser diode, the spectrometer, and the data 









3.1.1 The laser diode 
We study the spectra of two different blue laser diodes. One is from TOPTICA Photonics 
Inc., model LD-0445-0050-1 and the other is from Roithner LaserTechnick GmbH, model 
LD-445-50PD. From here on, we will refer to them as TOPTICA laser diode and Roithner 
laser diode, respectively. The laser diode is hosted in Thorlabs TCLDM9-TE- cooled mount 
and it is collimated by aspherical lens, Thorlabs C230TMD-A. Both laser emit around 450 
nm. They have a threshold current of about 30 mA and a maximum allowable injection 
current of 160 mA. They can be operated within a temperature range from -10 0C to 60 0C.  
The laser diode temperature is controlled by a temperature controller, Thorlabs, model 
TED200C and the laser injection current is controlled by a current controller, Thorlabs, 
model LDC205C, 500 Ma. The temperature and current setting of the controllers can be 





3.1.2 The spectrometer 
 
The spectrometer used to record the laser spectra consists of a SPEX 500M monochromator 
and line camera, Thorlabs, model LC1-USB. The SPEX 500M monochromator has a 
resolution of 0.02 nm and a linear dispersion of 1.6 nm/mm. The line CCD camera has 3000 
pixels, each pixel has a width of 7 m and length of 120 m.  The total width of the line 
camera is therefore 3000×7 𝜇𝑚 = 21 𝑚𝑚, which corresponds to 21 𝑚𝑚×1.6 𝑛𝑚 𝑚𝑚⁄ =
33.6 𝑛𝑚.  On pixel corresponds to 7 𝜇𝑚×1.6 𝑛𝑚 𝑚𝑚⁄ = 0.011 𝑛𝑚, which is smaller than 
the resolution of the monochromator. 
The spectrometer is calibrated using a krypton discharge lamp, Cenco Instruments 
Corporation, Catalog No. 87262-3.  A convex lens is used to image the lamp onto the 
entrance of the spectrometer. The slit width of the spectrometer is adjusted to be 6 m. 
 
Figure 3.2 shows the measured relative intensity of Kr spectral lines as a function of line 
CCD camera pixels.  The Figure also shows the wavelength of each spectral line.  The 
wavelengths are obtained from [34].  Table 3.1 shows the wavelength of spectral lines of the 





Figure 3.2   Relative intensity vs pixel locations on the CCD camera. 
 
 
Table 3.1 Spectral lines of krypton lamp and their pixel locations. 
 









Figure 3.3 shows a plot of the wavelength of spectral lines of krypton lamp versus their pixel 
locations on the CCD camera.  An excellent linear fitting is obtained for the calibration line. 
The wavelength λ is related to the pixel location 𝑝 as follows 




Figure 3.3   The calibration line we obtained. 
 
 
3.1.3 Data acquisition for measuring laser spectra 
A LabVIEW virtual instrument has been developed to record the laser spectra as a function of 
laser diode temperature and current. 
Figure 3.4 shows the front panel of the LabVIEW virtual instrument for measuring the laser 
spectra. The panel contains a plot of the measured spectrum (intensity versus pixel) of the 
CCD camera.   This spectrum is a result of averaging many identical spectra.  The panel also 
contains input boxes to enter the exposure time and number of accumulations.  The exposure 
time is the time over which the CCD camera measure one spectrum and the number of 
accumulations is the number of spectra used to obtain the average spectrum shown in the 
panel.  The switch “save to file” gives an option to save the average spectrum to the computer 
in a form of a text file that contains the average intensity for each pixel.  The comment input 
textbox is used to enter comments that are saved before the data in the text file. The “LC1 
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array” is an array to display the average intensity values of each pixel.  The “LC1 handle” is 
the USB address of the CCD camera in the computer. 
 
 
Figure 3.4   LabVIEW front panel for measuring laser spectra. 
 
 







3.2 Measurement of NO2 transmittance 
 
In this section, we discuss the setup developed to measure NO2 transmittance and the 
minimum detectable limit.  Figure 3.5 shows a schematic diagram of the setup. 
 
3.2.1 The setup for measuring NO2 transmittance 
 
The blue laser diode BLD emits a beam which is split by a 50-50 beam splitter BS into two 
beams. One is called the reference beam, which is forwarded by a mirror M to one of the 
photodiode detectors PD in the Thorlabs balanced photodetector, model PDB210A/M. The 
second beam is called the signal beam, which travels through the absorption cell to the other 
photodiode detector in PDB210A/M.  Neutral density filters ND made from white printing 
paper are used to reduce the intensity of the laser beams to prevent detector saturation.  
 
The absorption cell is made from stainless steel and has two BK7 glass windows.  It has a 
length of 40 cm and a diameter of 2.54 cm. The windows are tilted by an angle of about 45° 
to minimize interference between the incident beam and the reflected beams from the 
surfaces of the windows.  The cell has a gas inlet and outlet.  A pressurized pure N2 gas 
cylinder or pressurized 200 ppm NO2/N2 gas mixture cylinder is used to supply gas to the cell 
with a flow rate regulated by a mass flow controller, Omega FMASS14ST.  The maximum 
flow rate of the mass flow controller is 1000 mL/min. The labVIEW front panel for 
controlling the flow rate of NO2 gas inside the cell is shown in Figure 3.7.  The flow 
textbox is for controlling the flow rate while the data array is to read the pressure and 
the flow rate.  The associated block diagram is presented in Appendix A.  The pressure 
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in the cell is adjusted to atmospheric pressure by a needle valve and a vacuum pump and the 
pressure is measured by an absolute capacitance manometer, MKS 690A.  The DAQ card is 
used to adjusted the flow rate of the mass flow controller and read the pressure of the 
pressure gauge. 
 
Figure 3.5   Schematic diagram of measuring the laser spectra; BDL, blue diode laser, BS, beam splitter, M, mirror, 
ND, neutral density filter; DAQ, data acquisition system, PD, photodiode detector, PC, personal computer. 
 













3.2.2 Data acquisition for measuring NO2 transmittance 
 
A LabVIEW virtual instrument has been developed to control and acquire data for the 
measurement of NO2 transmittance. 
Figures 3.8 and 3.9 show the labVIEW front panel of the virtual instrument for measuring the 
NO2 transmittance. Transmittance measurement can be displayed either as a function of laser 
current or as a function of time using the “I or t” toggle switch shown on the bottom right 
side the plot. The plot contains three curves: the white curve is for the signal intensity, the red 
curve is for the reference intensity, and the green curve is for the signal-to-reference intensity 
ratio. The panel contains input boxes to enter the laser temperature, the minimum current, the 
maximum current and the step current of the laser.  The current is stepped continuously 
between the minimum and the maximum limits.  The panel also contains input boxes to enter 
the sampling rate and the number of samples. The sampling rate is the rate at which DAQ 
card reads the analog signal and converts it into digital form.  The number of samples is the 
number overwhich each data point in the plot is averaged.  The collected data can be saved to 
a data file by turning on the “write to file?” switch.  The name of the file can be specified in 
the “file name to write” textbox and its directory path can be specified in the “directory” 
textbox.  The “comments” input textbox is used to enter comments that are saved before the 
data in the text file.  The current, the time, and the signal-to-reference ratio for the last data 
point are shown in the “I”, “time(s)”, “x/y” textboxes, respectively.  The “stop” button is used 





















4 CHAPTER 4 
RESULTS AND CONCLUSION 
This chapter is comprised of four sections. In section 4.1, the simulation of the NO2 gas 
transmittance as a function of the laser injection current is discussed. Section 4.2 discusses 
the effect of the NO2 adsorption onto the cell walls upon the transmittance. In section 4.3, the 
experimental results for the NO2 transmittance as a function of the laser injection current are 
shown and discussed. In section 4.4, the limit of detection of the developed setup for 
detecting trace amount of the atmospheric NO2 gas is obtained. 
 
4.1 Transmittance estimation by simulation  
 
In this section, the results of a computer simulation of the blue diode laser transmittance 
through NO2 gas under atmospheric pressure and room temperature conditions are presented.  
As discussed in chapter 2, the laser transmittance 𝑇(𝐼) as a function of the injection current 𝐼 

















                   (2.15) 
 
where IT(λ) is the intensity of the signal as a function of wavelength λ transmitted through an 
open path or a filled cell containing an absorber, I0(λ) is the intensity of the transmitted 
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signal with no absorber present, c is the concentration of the trace gas in molecules per unit 
volume, 𝑙 is the path length of the cell, and σ is the NO2 absorption cross section as a function 
of wavelength. 
 
To use equation 2.15 to simulate the transmittance of NO2 through our cell that has a length 
of 𝑙 = 40 𝑐𝑚, the absorption cross sections of NO2 molecule σ(λ) and the laser spectra 
Io(λ) are needed. For our measurements, the absorption cross section of the NO2 molecule as 
a function of wavelength is obtained from ref.[33] and a plot of which shown in Figure 4.1.  
The rectangle indicates the part of the cross section that is used in our experiment. 
 
 
Figure 4.1   A plot of NO2 absorption cross section versus wavelength[9]. The shadowed rectangle marks the spectral 































We measure the laser spectra Io(λ) using SPEX 500M monochromator for the two lasers at 
difference laser temperature and injection currents.  Figure 4.2 shows some of the spectra for 
the TOPTICA laser at T= 10℃ with different injection currents within the range between 30 
and 160 mA with a step current of 10 mA.  As evident from the measured spectra, the laser 
spectra change and shift clearly to higher wavelength ranges as the current increases.  The 
laser threshold occurs at 30 mA with a laser emission at around 446 nm.  The spectrum 
emission wavelength range starts at roughly 0.5 nm around threshold and increases with 
current up to a range of 2 nm at 160 mA.  Each spectrum consists of many longitudinal 
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Figure 4.2   Laser spectra for the TOPTICA diode laser at T= 10℃ and different currents from  30 mA up to 160 mA 
with a step current of 10 mA. 
  
For the spectra shown in Figure 4.2 for which  𝑇 =  10℃, the laser emission covers the range 
from 445.4 to 448 nm as the injection current changes from 30 mA to 160 mA.  The start of 
this range, 445.4 nm, is the start of the spectrum at 30 mA while the end, 448 nm, is the end 
of the spectrum at 160 mA.  This range is displayed as a line in the bottom of Figure 4.3.  The 
other lines represent the emission ranges for other temperatures for the TOPTICA diode laser.  
The width of the emission ranges at different temperatures are roughly the same, about 2.5 
nm, but the ranges shift by about 0.5 nm for a step temperature of 10 °𝐶.  Moreover, the NO2 
absorption cross section is displayed in the same figure.  It can be noted that the emission 
ranges are wide enough to cover one of the largest pronounced features of the cross section.  
Hence, it is expected to observe big variations in transmittance as the laser is scanned through 
one of the emission ranges by scanning its injection current while fixing its temperature. 
 
 
I=130 mA I=120 mA I=110 mA 





Figure 4.3   The effect of the temperature on the emission range of the TOPTICA laser. 
 
Figure 4.4 is similar to Figure 4.3 and illustrates the effect of varying the ROITHNER diode 
temperature on its emission wavelength range as a function of the injection current.  Here the 
width of the emission ranges at different temperatures are roughly the same, about 3 nm 
which is wider than 2.5 nm of the TOPTICA laser.  The shift in the emission range per each 
10℃  is roughly the same for both lasers.  However, the emission range of the ROITHNER 

































Figure 4.4   The effect of the temperature on the emission range of the ROITHNER laser. 
 
Figure (4.5) shows the calculated NO2 transmittance at the diode temperature T= 20 ℃ with 
different injection currents ranging from 30 -160 mA in steps of 10 mA. As indicated by Eq. 
2.15, each dot in the figure results from the integration of the spectra similar to those shown 

































Figure 4.5   The calculated NO2 transmittance versus the laser injection current at the diode temperature T= 20 ℃    
for the TOPTICA laser. 
 
Likewise, we can perform the transmittance calculation at any other laser diode temperature. 
Figures (4.6) and (4.7) exhibit the laser transmittance of NO2 gas against the diode injection 
current at six different temperatures for the TOPITCA and ROITHNER lasers, respectively.  
It is worth mentioning that for the temperatures T=60 ℃ for the TOPTICA laser diode and T= 
40, 50 and 60 ℃ for the ROITHNER laser diode, there is no transmittance observed for 
injection current 30 mA since at these diode temperatures the laser injection current is below 




Figure 4.6   The calculated NO2 transmittance versus the laser injection current at different diode temperatures for 




Figure 4.7    The calculated NO2 transmittance versus the laser injection current at different diode temperatures for   
the ROITHNER  laser. 
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4.2 Effect of NO2 adsorption on the transmittance 
 
It is observed that if the NO2 gas mixture inside the absorption cell is not flowing, the 
transmittance due to NO2 increases with time.  This indicates that some of NO2 gas is slowly 
lost with time.  Since there is no leakage in our cell, the loss might be due to adsorption of 
NO2 onto the walls of the cell or due to chemical reaction of NO2 with the cell or with itself 
to form N2O4 dimer.  To reduce the effect of this loss on our measurements, NO2 gas mixture 
is flowed through the cell.  We need to determine the minimum flow rate for which the 
variation in transmission due to NO2 loss in the cell is almost eliminated.  Higher flow rates 
serve the same purpose but consume valuable NO2 gas mixture quickly. 
 
In the following, the NO2 number density 𝐶 in the absorption cell as a function of time 𝑡 is 
modeled.  This simple model helps in determining roughly the steady state concentration in 
the cell and the time for NO2 number density to reach the steady state.  Assume that at time 
zero, NO2/N2 gas mixture with NO2 number density 𝐶0 and flow rate 𝑅 starts to flow into a 
cell of volume 𝑉 initially filled with pure N2 gas.  Assuming instant mixing time within the 
cell, the change in NO2 number density Δ𝐶 during time interval Δ𝑡 is given by 
∆𝐶 =
𝐶0𝑅∆𝑡 − 𝐶𝑅∆𝑡 − 𝐶𝑟∆𝑡
𝑉
 
Here, the number of NO2 molecules enters the cell is 𝐶0𝑅∆𝑡, the number exits is 𝐶𝑅∆𝑡, and 
the number lost due to adsorption or reaction is 𝐶𝑟∆𝑡, where 𝑟 is the rate of loss.  For 


















Here 𝜏 ≡ 𝑉 𝑅⁄  is the time constant without loss, and 𝜏𝐿 ≡ 𝑉 𝑟⁄ .  The steady state solution 𝐶𝑠𝑠 







For high flow rates 𝜏 ≪ 𝜏𝐿, 𝐶𝑠𝑠 ≈ 𝐶0.  The time to reach steady state is roughly few times of 





40 ×𝜋×(2.54 2⁄ )2
100
= 2 𝑚𝑖𝑛 
To determine experimentally the minimum flow to almost eliminate loss, transmittance at 
specific wavelength for different flow rates is observed as a function of time.  At atmospheric 
pressure and specific flow rate, pure N2 gas is flowed into the cell for a long time, about an 
hour, to clean up the cell then the N2 valve is closed and simultaneously the NO2 valve is 
opened. 
 
Figures 4.8 shows the NO2 transmittance at specific wavelength for six different flow rates, 
50, 100, 200, 400, 600, and 800 ml/min.  It is expected that the steady state takes some time 
to reach.  For the 50 ml/min flow rate, the flow rate is relatively small to the extent that the 
steady state is not reached after more than two hours.  For the 100 and 200 ml/min, the steady 
state is reached after 20 and 10 minutes, respectively.  However, two different steady states 
are observed for the two flow rates indicating that these flow rates are not sufficiently large.  
In addition, the steady state value is less than the calculated value.  For 400, 600, and 800 
ml/min, the steady state is reached within about 5 minutes and their steady state transmittance 
are almost the same and in agreement with our prediction.  To check repeatability, the 
transmittance at 400 ml/min flow rate is checked four times and the results along with the 
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transmittance at flow rates of 600 and 800 ml/min are shown in Figure 4.9.  Within the 
measurement uncertainty, the steady state transmittance for flow rates higher than 400 
ml/min are almost the same and therefore the flow rate of 600 ml/min, which reduces the 
consumption of NO2 gas mixture, is used in the upcoming investigations. 
 
 
Figure 4.8   Transmittance vs time for different flow rates: 50, 100, 200, 400, 600, and 800 ml/min. 
 




Figure 4.9   Transmittance vs time for flow rates: 400, 600, and 800 ml/min. 
 
 
4.3 Results of the transmittance calculation 
 
Figures 4.10-4.15 show the simulated and the experimental NO2 transmittance as a function 
of the injection current for the TOPTICA laser for different fixed temperatures.  Moreover, 
Figures 4.16-4.21 show similar curves for the ROITHNER laser. 
 
In general, the experimental transmittance curves are in a good agreement with those 
obtained by simulation.  The little discrepancy is most probably due to using laser spectra 
with limited resolution in the simulation.  The resolution of the measured laser spectra is 
limited by the resolution of our SPEX 500 M monochromator. In addition, other causes that 
might affect the transmittance results are the variations in some of the experimental 
conditions while collecting data such as the absorption cell pressure and temperature. 
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We want to use the We have obtained the transmittance curves at various diode temperatures 
since we seek for the curve that shows the biggest variation in the transmittance over the 
current range, the variation that provides the highest measurement accuracy. 
 
Eventually, we want to use the laser temperature that provides the biggest variation in the 
transmittance curve over the scanning current range.  This maximizes the signal-to-noise ratio 
and results in the smallest minimum detectable level.  For the TOPTICA laser, maximum 
variation in the transmittance curve of about 4% occurs at 𝑇 =  30 or 𝑇 =  50 ℃.  While for 
the ROITHNER laser, maximum variation in the transmittance curve of about 4% occurs at 
𝑇 =  30 or 𝑇 =  60 ℃.  
 
Figure 4.10   Simulation vs experiment of the transmittance curve at T=10 ℃ for the TOPTICA laser. The curve with 






Figure 4.11  Simulation vs experiment of the transmittance curve at T=20 ℃ for the TOPTICA laser. The curve with 
circles joined by straight lines is the simulation curve.  
 
 
Figure 4.12   Simulation vs experiment of the transmittance curve at T=30 ℃ for the TOPTICA laser. The curve with 






Figure 4.13  Simulation vs experiment of the transmittance curve at T=40 ℃ for the TOPTICA laser. The curve with 
circles joined by straight lines is the simulation curve.  
 
 
Figure 4.14   Simulation vs experiment of the transmittance curve at T=50 ℃ for the TOPTICA laser. The curve with 






Figure 4.15   Simulation vs experiment of the transmittance curve at T=60 ℃ for the TOPTICA laser. The curve with 
circles joined by straight lines is the simulation curve. 
 
 
Figure 4.16    Simulation vs experiment of the transmittance curve at T=10 ℃ for the ROITHNER laser. The curve 






Figure 4.17   Simulation vs experiment of the transmittance curve at T=20 ℃ for the ROITHNER laser. The curve 
with circles joined by straight lines is the simulation curve.  
 
 
Figure 4.18    Simulation vs experiment of the transmittance curve at T=30 ℃ for the ROITHNER laser. The curve 






Figure 4.19    Simulation vs experiment of the transmittance curve at T=40 ℃ for the ROITHNER laser. The curve 
with circles joined by straight lines is the simulation curve. 
 
 
Figure 4.20   Simulation vs experiment of the transmittance curve at T=50 ℃ for the ROITHNER laser. The curve 






Figure 4.21   Simulation vs experiment of the transmittance curve at T=60 ℃ for the ROITHNER laser. The curve 
with circles joined by straight lines is the simulation curve. 
 
 
4.4 Detection Limit 
 
In The minimum detectable limit is estimated to be the amount of NO2 that produces an 
absorption signal equal roughly to twice the noise level of the absorption signal.  The noise 
level is estimated using the measurement for the case of pure N2 since the curve obtained is 
straight and horizontal as shown in Figure 4.22, which shows the voltage ratio of the signal 
and reference detectors as a function of the laser current.  The standard deviation, and the 
average of the voltage ratio are calculated to be 2.2×10−4, and 0.86, respectively.  Since the 
absorption curve is obtained from the ratio of the NO2 voltage ratio to the N2 voltage ratio, 




As discussed in the previous section, 200 𝑝𝑝𝑚 causes absorption up to about 0.40 in a cell of 




) ≈ 4 𝑝𝑝𝑚. 




) = 1.6 𝑝𝑝𝑏. 
 
 













An experimental setup based on tunable diode laser absorption spectroscopy technique has be 
successfully developed for the detection of trace amounts of NO2 gas at atmospheric pressure.  
Two multi-longitudinal mode blue diode lasers with emission wavelength of about 445 nm 
have been used separately in the setup: TOPTICA Photonics Inc., model LD-0445-0050-1 
and Roithner LaserTechnick GmbH, model LD-445-50PD.  To obtain the NO2 concentrations 
experimentally, transmittance curves as a function of laser injection current at fixed 
temperatures have been measured using a gas cell of length 40 cm and NO2/N2 gas mixture 
with mixing ratio of 200 ppm.  Also, these transmittance curves have been simulated using a 
reference NO2 absorption cross section and measured laser spectra.  Very good agreements 
have been found between the measured and simulated transmittance curves.  A detection limit 
of 4 ppm in a gas cell of length 40 cm has be achieved for both lasers.  This corresponds to a 
detection limit of 1.6 ppb for a length of 1km making the setup appropriate for monitoring 










LabVIEW block diagrams and front panels developed for experimental 
measurements 
 




Figure A.1   The first portion of the block diagram associated with the front panel of Figure 3.4. The LC1 




Figure A.2   The second portion of the block diagram associated with the front panel of Figure 3.4. The LC1 “Set 




Figure A.3   The third portion-1 of the block diagram associated with the front panel of Figure 3.4 . The front panel 
of the “Read LC1 Block” virtual instrument is shown in Figure A.6. The portions of the associated block diagram are 








Figure A.4   The third portion-2 of the block diagram associated with the front panel of Figure 3.4 with different 






Figure A.5   The fourth portion of the block diagram associated with the front panel of Figure 3.4 .The LC1 




Figure A.6   The front panel of the “Read LC1 Block” virtual instrument used in Figure A.3. The portions of the 




Figure A.7   The first portion of the block diagram associated with the front panel of Figure A.6.  The LC1 “Get 




Figure A.8   The second portion of the block diagram associated with the front panel of Figure A.6.  The LC1 “Start 




Figure A.9   The third portion of the block diagram associated with the front panel of Figure A.6.  The LC1 “Get 
Scan Data.vi” virtual instrument is provided by the supplier of the LC1 camera, Thorlabs, Inc.  
 
 
Figure A.10    The block diagram associated with the front panel of Figure 3.7.  The ULx virtual instruments 




Figure A.11(a)    The block diagrams associated with the front panel of Figure 3.8 or 3.9 with different options of the case structures. The front panels and the block diagrams of the 




Figure A.11(b) The block diagrams associated with the front panel of Figure 3.8 or 3.9 with different options of the case structures. The front panels and the block diagrams of the 




































Mathematica codes for data analysis 
 
Mathematica computer codes used for analyzing and evaluating the experimental 
measurements are listed below. 
 































List B.3: A listing of the code for plotting the wavelength of spectral lines of the krypton 




















Formats of measurement data files 
 
Three types of data files are used in this work.  All data files are text files and their 
formats can be inferred from the listing below. 
List C.1: A portion of the data file for the NO2 absorption cross section as a function of 
wavelength. The first column represents the wavelength in nm and the second column 




List C.2: A portion of the data file for measuring the signal-to-reference intensity ratio 










List C.3: A portion of the data for measuring the laser spectrum at fixed diode 
temperature and certain injection current. Each number in the column represents the 
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